Unexpected obstacle formation in the LHC beam-pipe during assembly, cool down and operation may lead to major disturbances. Thus a fast, precise, sensitive and reliable means t~ detect and characterize such a fault is highly desirable, preferably without the need to break the vacuum. Waveguide mode time domain reflectometry using the synthetic pulse technique has been selected for this purpose. The system will use a modem vector network analyzer operating using essentially the fundamental TM mode on the LHC beam-screen. The objective is to measure over a full arc (2.5 km) with access from either side both in reflection (E 1.25 !un range) and transmission mode. If the proposed system is implemented a total of 32 couplers will be permanently installed, which may he used in normal operation for beam diagnostics and other applications.
INTRODUCTION
For proper operation of CERN's Large Hadron Collider, it is of utmost importance that the beam-screen, fig. 1 , is free from any obstacle larger than a pinhead. During the installation procedure however, there is a non-negligihle probability that a permanent deformation or simply some forgotten screw remains inside. In this czse it would he advantageous to have a means to detect such obstacles during assembly and possibly in situ without having to open the vacuum.
Any intruding device such as a little robot is out of question for vacuum reasons, regardless of the possihility that it could get stuck inside. Optical lasers and ultrasonic pulse-echo detection are too limited in dynamic range. However the beam-pipe can be considered as a waveguide with modes propagating above a certain cutoff frequency. Since the beam-pipe is covered with axial pumping slots, TE modes will radiate considerably, while TM modes are hardly influenced, given that their wall currents are parallel to the slots. In this approach synthetic pulse reflectometry was preferred over a FMCW' method and real time pulse reflectometry for the simple reason that the latter methods would require the development of much of the front-end measure- 
RESONATOR MEASUREMENTS
The attenuation in the heam-pipe constitutes a major limiting factor. We used a resonator method to determine the attenuation and the cut-off frequencies of the first TE and TM modes. The resonator was built hy soldering brass plates on the ends of a sample of beam-pipe. A measurement in transmission mode reveals the characteristic pattem of peaks as shown in fig. 2 .
Cut-off frequencies
Given this data, the cut-off frequency of the respective mode can he determined with very good accuracy using The relation between a peak's quality factor and the atwith Q L , AH, XO and cy representing the measured loaded quality factor, the guided wavelength, the free wavelength and the attenuation in [dB/m], respectively. By appropriate choice of the mode launchers the coupling was kept sufficiently small that the unloaded quality factor Qo could be approximated by Q L .
In figure 3 the attenuation a for the fundamental TM mode is compared to the theoretical curve for a circular waveguide having the same cut-off frequency fc. as given in [4]. The measured values are larger by around 40% which could be due to the properties of the heam-pipe, especially the longitudinal welding strip, the saw-teeth like corrugations, the general surface roughness and to a minor degree, the radiation through the slots.
For the TE modes' things look different. The TESn mode is much affected by the slots, since its current maximum is at the location of the slots. The radiation losses make the attenuation increase by nearly a factor 2. For the funda- this effect will become more significant, since the resistive losses are estimated to decrease by a factor 4 to 5. This observation indicates that the TMol mode should be a better choice than the fundamental TE mode.
MEASUREMENTS ON THE TEST TRACK
After some preliminary tests a straight section of nearly 44m of beam-pipe with two interconnects was made available for measurements. The coupling to the beam-pipe consisted of a non-optimized adapter available from previous tests that was fitted to the end of the beam-pipe. Inserting an appropriate mode launcher excited the desired mode. On this line the performance of waveguide calibration and signal processing was tested.
Waveguide calibration
When doing measurements involving transitions between different types of lines and on electrically long devices calibration is highly recommended. For such a nonstandard waveguide profile as the beam-pipe however no calibration standards are commercially available. Therefore we had to make them on our own. As for an ordinary waveguide calibration, three standards were used two offset shorts of lengths l1 % 7mm and 12 % 20mm and one load. The shorts were realized by soldering a brass plate at the given position into a sample of beam-pipe and to get a load, some absorbing material was inserted into another piece (fig. 4) .
The major advantage of waveguide calibration on the beam-pipe was found to be that initial reflections from the beam-pipe adapter could he avoided. However, due to the fragile contacts of the adapter and changing properties of cables, the calibration deteriorated every time some mechanical intervention was done. In particular in the time Signal processing had to be done. This is mainly due to two reasons:
It soon became clear that some serious signal processing
The maximum number of points available on our VNA is limited to 1601. Since this is insufficient to get both good spatial resolution (large frequency range) and good spatial range (closely spaced frequency points), measurements in adjacent frequency ranges have to be combined externally before doing the FIT. Waveguide dispersion on the beam-pipe will cause considerable smear-out on the emitted (synthetic) pulses. A numerical correction of this effect is called for.
For the implementation of these tasks MATLAB@ was chosen.
Dispersion compensation. After having run down z meters on a waveguide with guided wavelength AH and cut-off frequency fc the phase change can be expressed by introducing the free space delay 7 = f . By subtracting the part of this phase term that goes with higher than linear order o f f from the phase of measured data, the dispersion can be compensated for one distance z. By repeatedly doing this procedure for increasing foci z, each time cutting out the focused region a dispersion compensated trace can be made up. The actual performance of this method is illustrated in figure 5 . 
CONCLUSION
The feasibility of an obstacle-locating reflectometer for the LHC beam-pipe was studied. First the crucial characteristics of the beam-pipe were determined in a resonator measurement. With the attenuation obtained, a range of M)Om for the detection of a M4 nut size obstacle seems possible at mom temperature, with a substantial gain expected for low temperature operation (20K). In a measurement on a 44m long test track, waveguide calibration on the beampipe was examined and the data was processed to correct smear-out provoked by dispersion.
